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(57) ABSTRACT

A system and method are provided for monitoring vibration
data. A vehicle, for example, may include at least one engine
component, a sensor coupled to the at least one engine com-
ponent and configured to monitor a vibration of the at least
one engine component, and a processor communicatively
coupled to the sensor, the processor configured to determine
a plurality of envelope spectrums based upon vibration data
from the sensor, determine fault frequencies for each of the at
least one engine component based upon a rotating speed of
each of the at least one components, and monitor each enve-
lope spectrum for changes at the determined fault frequen-
cies.

17 Claims, 3 Drawing Sheets
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FIG. 1
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FIG. 2 200
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SYSTEM AND METHOD FOR MONITORING
VIBRATION DATA

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
Agreement No. W911W6-08-0001 awarded by the Army
(AATE) Program. The Government has certain rights in this
invention.

TECHNICAL FIELD

The present disclosure generally relates to health monitor-
ing, and more particularly relates to a system and method for
monitoring vibration data.

BACKGROUND

A mechanical health monitoring system for rotating
machinery has two primary objectives. One primary objective
is issuing an advance warning of an impending failure. The
other primary objective is preventing mission aborts and
costly repairs due to primary and secondary damage. The
advance warning period mentioned in the first objective can
be extended by either detecting damage early and with high
confidence or by delaying the end of life as late as possible.
Therefore what is needed is automated continuous monitor-
ing of the mechanical health of the rotating equipment to
detect a damage as early as possible to allow enough time to
schedule a repair.

BRIEF SUMMARY

In one embodiment, for example, a vehicle is provided. The
vehicle may include, but is not limited to at least one engine
component, a sensor coupled to the at least one engine com-
ponent and configured to monitor a vibration of the at least
one engine component, and a processor communicatively
coupled to the sensor, the processor configured to determine
a plurality of envelope spectrums based upon vibration data
from the sensor, determine fault frequencies for each of the at
least one engine component based upon a rotating speed of
each of the at least one components, and monitor each enve-
lope spectrum for changes at the determined fault frequen-
cies.

In another embodiment, a method for monitoring health of
a vehicle is provided. The method may include, but is not
limited to receiving, by a processor, vibration data from a
vibration sensor, determining, by the processor, a plurality of
envelope spectrums to be analyzed based upon the vibration
data, determining, by the processor, a plurality of fault fre-
quencies based upon a rotational speed of at least one engine
component of the vehicle, and monitoring, by the processor,
the plurality of fault frequencies within each of the plurality
of envelope spectrums.

In yet another embodiment, a computer-readable medium
is provided. The computer-readable medium, which when
executed by a processor, cause the processor to determine a
plurality of envelope spectrums based upon vibration data
from a sensor, determine fault frequencies for at least one
engine component based upon a rotating speed of each of the
atleast one components, and monitor each envelope spectrum
for changes at the determined fault frequencies.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description will hereinafter be described in
conjunction with the following drawing figures, wherein like
numerals denote like elements, and wherein:
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FIG. 1is ablock diagram of an engine, in accordance with
an embodiment;

FIG. 2 is a flow diagram illustrating an exemplary method
for monitoring the health of an engine in accordance with an
embodiment; and

FIG. 3 is a flow diagram illustrating another exemplary
method for monitoring the health of an engine in accordance
with an embodiment.

DETAILED DESCRIPTION

The following detailed description is merely exemplary in
nature and is not intended to limit the invention or the appli-
cation and uses of the invention. As used herein, the word
“exemplary” means “serving as an example, instance, or
illustration.” Thus, any embodiment described herein as
“exemplary” is not necessarily to be construed as preferred or
advantageous over other embodiments. All of the embodi-
ments described herein are exemplary embodiments provided
to enable persons skilled in the art to make or use the inven-
tion and not to limit the scope of the invention which is
defined by the claims. Furthermore, there is no intention to be
bound by any expressed or implied theory presented in the
preceding technical field, background, brief summary, or the
following detailed description.

FIG. 1 is a block diagram of an engine 100, in accordance
with an embodiment. The engine 100 may be an engine for a
vehicle, such as an aircraft, a spacecraft, an automobile, or a
marine vehicle, gearboxes, such as helicopter gearboxes, or
for a power generator using wind, hydro, or thermal energy,
illustrated via block 105. In one embodiment, for example,
the engine 100 may be a turbine engine for an aircraft. How-
ever, one of ordinary skill in the art would recognize that the
engine 100 may utilize other technologies if so desired. The
engine 100 includes at least one engine component 110 for
which vibration information can indicate damage to the
engine component. In one embodiment, for example, the
engine component 110 may be a bearing. In other embodi-
ments, for example, the engine component 110 may be gears,
shafts, gerotors, cams, any other oil-wetted component, or
any combination thereof.

At least one vibration sensor 120 is coupled to the engine
100 proximate to the engine component 110. The vibration
sensor(s) 120 collects vibration data from the engine compo-
nent 110. A processor 130 is communicatively coupled to the
vibration sensor 120 and is configured to monitor the health of
the vehicle based on information obtained from the vibration
sensor 120, as described in further detail below. In one
embodiment, for example, the vibration sensor 120 may be
configured to transmit sensor data to the processor 130 inreal
time or in a periodic fashion. In other embodiments, for
example, the processor 130 may poll the vibration sensor 120
for data in real time or in a periodic fashion. The processor is
configured to analyze the sensor data, as discussed in further
detail below.

In one embodiment, for example, the processor 130 may be
located in the vehicle 105. The processor 130 could be located
anywhere in the vehicle 105, including the engine 100. The
processor 130 may be a processor dedicated to analyzing the
vibration sensor data, or may be part of other systems in the
vehicle 105. In one embodiment, for example, the processor
130 is coupled to a communications system 140 to commu-
nicate the results of the vibration analysis to, for example,
maintenance personnel. The communication system 140 may
utilize any type of data connection including, but not limited
to, a cellular data connection, a satellite data connection, a
Wi-Fi data connection, a local area network (LLAN) data con-
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nection, a Bluetooth data connection, or any other data con-
nection or combination thereof.

In another embodiment, for example, the processor 130 for
analyzing the vibration data may be located remotely from
the vehicle 105. In this embodiment, for example, the vibra-
tion sensor 120 and processor 130 may be communicatively
coupled via the communication system 140.

In one embodiment, for example, the processor is commu-
nicatively coupled to amemory 150. The memory 150 may be
any type of non-volatile memory. The memory may store
geometry data for each engine component 110 which may be
used to determine fault frequencies for each engine compo-
nent, as discussed in further detail below. While the memory
150 is illustrated as being located in the vehicle in FIG. 1, the
memory may also be located remotely. In this embodiment,
for example, the processor 130 would communicate with the
memory 150 via the communication system 140. In one
embodiment, for example, the memory may store instruc-
tions, which when executed by the processor, monitor the
health of the vehicle as discussed in further detail below.

FIG. 2 is a flow diagram illustrating an exemplary method
200 for monitoring the health of an engine in accordance with
an embodiment. A processor, such as the processor 130 illus-
trated in FIG. 1, determines one or more fault frequencies for
each engine component of interest. (Step 210). The fault
frequencies are frequencies at which the respective engine
component will vibrate when the engine component is dam-
aged or below optimal/acceptable tolerances or conditions,
such as excessive wear. The fault frequencies may be based
upon the geometry for each engine component. The fault
frequencies may also be based upon the rotating speed of the
engine component and/or the engine itself, as a frequency
caused by a fault in an engine component would vary depend-
ing upon the rotating speed of the engine component and/or
the engine itself. The geometry of a bearing, for example,
could include, but is not limited to, a number of rolling ele-
ments, a rolling element diameter, a pitch diameter and a
contact angle. Geometries and fault frequencies for meshing
gears could be determined by gear type (straight, bevel, spiral
bevel), number of teeth on driver & driven gears, and fault
degradation/fault progression. The processor then, based
upon the rotating speed of the engine/engine component,
determines the one or more fault frequencies for each engine
component of interest. In a bearing, for example, the proces-
sor could determine a ball pass frequency for an inner race, a
ball pass frequency for an outer race, a ball spin frequency and
a fundamental train frequency.

The processor than determines envelope spectrums for
which to conduct the analysis. (Step 220). While all of the
fault frequencies may be within a range, for example,
between 9 kilohertz (kHz) and 24 kHz, performing a single
analysis over the entire frequency range may make it difficult
for the processor to distinguish frequencies due to low signal
to noise ratio (signal in this case being defines as the fault
frequencies of interest and noise being defined as all other
energy not associated with the signal of interest). Accord-
ingly, the processor determines a plurality of envelope spec-
trums (i.e., smaller frequency ranges) to perform the analysis
over. The envelope spectrums may be based upon a minimum
resonant frequency of the raw vibration data from the vibra-
tion sensor, a maximum resonant frequency of the raw vibra-
tion data from the vibration sensor, a minimum bandwidth
envelope window, a maximum bandwidth envelope window,
and a step size for a variable length of the bandwidth window.
If, for example, the minimum resonant frequency is 9kHz, the
maximum resonant frequency is 24 kHz, the step size for a
variable resonant frequency is 1 kHz, the minimum band-
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width envelope window is 6 kHz, the maximum bandwidth
envelope window is 11 kHz and the a step size for a variable
length of the bandwidth window is 1 kHz, the envelope spec-
trums (in kHz) would be: [9-15], [9-16], [9-17], [9-18],
[9-19], [9-20], [10-16], [10-17], [10-18], [10-19], [10-20],
[10-21], [11-17] [11-18], [11-19], [11-20], [11-21], [11-22],
[12-18],[12-19],[12-20], [12-21], [12-22], [12-23], [13-19],
[13-20], [13-21], [13-22], [13-23], [13-24], [14-20], [14-21],
[14-22], [14-23],[14-24], [15-21], [15-22], [15-23], [15-24],
[16-22], [16-23], [16-24], [17-23], [17-24], and [18-24]. In
this example, there are forty-five envelope spectrums repre-
senting forty-five frequency ranges over which the processor
will analyze the vibration data. By breaking up the total
frequency range (i.e., the minimum resonant frequency to the
maximum resonant frequency) into a series of smaller enve-
lope spectrums, change in frequency trends become more
apparent. Accordingly, the processor can determine faults
quicker and more accurately.

The processor then, for each of the envelope spectrums,
monitors and tracks the peak amplitude corresponding to the
fault frequencies for each engine component of interest. (Step
230). According, using the example above, if there were ten
components of interest, each with four fault frequencies (i.e.,
a total of forty frequencies of interest), and forty-five fre-
quency envelopes, the processor could be monitoring up to
one-thousand eight-hundred frequencies for each pass
through the method 200. However, this assumes that there
were no overlapping frequencies of interest and that all of the
frequencies of interest were in each envelope, which is
unlikely to occur.

The processor then compares the frequencies of interest in
each monitored envelope spectrum to previous envelope
spectrums and/or a baseline spectrum. (Step 240). By com-
paring each envelope spectrum with previous envelope spec-
trums and/or a baseline spectrum, each envelope spectrum
having a different frequency range, as discussed above,
changes in the envelope spectrum are more apparent. If a
change in a peak of one or more of the frequencies of interest
changes more than a predetermined threshold, the processor
can then issue a maintenance warning. The processor then
returns to step 210 and 220 and recomputes the envelope
spectrum, if necessary (i.e., the rotational speed of one of the
engine components has changed and thus the corresponding
fault frequencies have changed which could raise or lower the
minimum or maximum resonant frequency detected by the
vibration sensors), and then continues to monitor the com-
puted envelope spectrums, as discussed above.

FIG. 3 is a flow diagram illustrating another exemplary
method 300 for monitoring the health of an engine in accor-
dance with an embodiment. A processor, such as the proces-
sor 130 illustrated in FIG. 1, determines one or more fault
frequencies for each engine component of interest. (Step
310). The fault frequencies may be based upon the geometry
for each engine component. The fault frequencies may also be
based upon the rotating speed of the engine component and/or
the engine itself, as a frequency caused by a fault in an engine
component would vary depending upon the rotating speed of
the engine component and/or the engine itself. The geometry
of'a bearing, for example, could include, but is not limited to,
a number of rolling elements, a rolling element diameter, a
pitch diameter and a contact angle. The processor then, based
upon the rotating speed of the engine/engine component,
determines the one or more fault frequencies for each engine
component of interest. In a bearing, for example, the proces-
sor could determine a ball pass frequency for an inner race, a
ball pass frequency for an outer race, a ball spin frequency and
a fundamental train frequency.
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The processor than determines envelope spectrums for
which to conduct the analysis. (Step 320). While all of the
fault frequencies may be within a range, for example,
between 9 kilohertz (kHz) and 24 kHz, performing a single
analysis over the entire frequency range may make it difficult
for the processor to distinguish frequencies due to faults from
noise. Accordingly, the processor determines a plurality of
envelope spectrums (i.e., smaller frequency ranges) to per-
form the analysis over. The envelope spectrums may be based
upon a minimum resonant frequency of the raw vibration data
from the vibration sensor, a maximum resonant frequency of
the raw vibration data from the vibration sensor, a step size for
a variable resonant frequency, a minimum bandwidth enve-
lope window, a maximum bandwidth envelope window, and a
step size for a variable length of the bandwidth window. If, for
example, the minimum resonant frequency is 9 kHz, the
maximum resonant frequency is 24 kHz, the step size for a
variable resonant frequency is 1 kHz, the minimum band-
width envelope window is 6 kHz, the maximum bandwidth
envelope window is 11 kHz and the a step size for a variable
length of the bandwidth window is 1 kHz, the envelope spec-
trums (in kHz) would be: [9-15], [9-16], [9-17], [9-18],
[9-19], [9-20], [10-16], [10-17], [10-18], [10-19], [10-20],
[10-21], [11-17] [11-18], [11-19], [11-20], [11-21], [11-22],
[12-18],[12-19],[12-20], [12-21], [12-22], [12-23], [13-19],
[13-20], [13-21], [13-22], [13-23], [13-24], [14-20], [14-21],
[14-22], [14-23],[14-24], [15-21], [15-22], [15-23], [15-24],
[16-22], [16-23], [16-24], [17-23], [17-24], and [18-24]. In
this example, there are forty-five envelope spectrums repre-
senting forty-five frequency ranges over which the processor
will analyze the vibration data. By breaking up the total
frequency range (i.e., the minimum resonant frequency to the
maximum resonant frequency) into a series of smaller enve-
lope spectrums, change in frequency trends become more
apparent. Accordingly, the processor can determine faults
quicker and more accurately.

The processor then, for each of the envelope spectrums,
determines a predetermined number of peak frequencies.
(Step 330). For example, if the predetermined number is ten,
the processor would determine the frequency of the ten high-
est peaks in each envelope spectrum. According, using the
example above, if there were ten components of interest, each
with four fault frequencies (i.e., a total of forty frequencies of
interest), and forty-five frequency envelopes, the processor
would be monitoring four-hundred and fifty frequencies in
each pass through the method 300.

The processor then compares each monitored envelope
spectrum to a baseline spectrum and/or a previously moni-
tored corresponding envelope spectrum. (Step 340). By com-
paring each envelope spectrum with a baseline spectrum and/
or a previously monitored corresponding envelope spectrum,
each envelope spectrum having a different frequency range,
as discussed above, changes in the envelope spectrum are
more apparent. Accordingly, if a peak changes in any one of
the envelope spectrums and the peak is near one of the fre-
quencies of interest (or a related frequency such as a harmonic
frequency or sideband frequency), the processor can then
issue a maintenance warning. The processor then returns to
steps 310 and 320 and recomputes the envelope spectrum, if
necessary (i.e., the rotational speed of one of the engine
components has changed and thus the corresponding fault
frequencies), and then continues to monitor the computed
envelope spectrums, as discussed above.

Those of skill in the art will appreciate that the various
illustrative logical blocks, modules, circuits, and algorithm
steps described in connection with the embodiments dis-
closed herein may be implemented as electronic hardware,
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non-transitory computer readable medium, or combinations
of both. Some of the embodiments and implementations are
described above in terms of functional and/or logical block
components (or modules) and various processing steps. How-
ever, it should be appreciated that such block components (or
modules) may be realized by any number of hardware, soft-
ware, and/or firmware components configured to perform the
specified functions. To clearly illustrate this interchangeabil-
ity of hardware and software, various illustrative compo-
nents, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality.
Whether such functionality is implemented as hardware or
software depends upon the particular application and design
constraints imposed on the overall system. Skilled artisans
may implement the described functionality in varying ways
for each particular application, but such implementation deci-
sions should not be interpreted as causing a departure from
the scope of the present invention. For example, an embodi-
ment of a system or a component may employ various inte-
grated circuit components, e.g., memory elements, digital
signal processing elements, logic elements, look-up tables, or
the like, which may carry out a variety of functions under the
control of one or more microprocessors or other control
devices. In addition, those skilled in the art will appreciate
that embodiments described herein are merely exemplary
implementations

The various illustrative logical blocks, modules, and cir-
cuits described in connection with the embodiments dis-
closed herein may be implemented or performed with a gen-
eral purpose processor, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field pro-
grammable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform
the functions described herein. A general-purpose processor
may be a microprocessor, but in the alternative, the processor
may be any conventional processor, controller, microcontrol-
ler, or state machine. A processor may also be implemented as
a combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors,
one or more microprocessors in conjunction with a DSP core,
or any other such configuration.

The steps of a method or algorithm described in connection
with the embodiments disclosed herein may be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known in the art. An exemplary storage medium is
coupled to the processor such the processor can read infor-
mation from, and write information to, the storage medium.
In the alternative, the storage medium may be integral to the
processor. The processor and the storage medium may reside
in an ASIC. The ASIC may reside in a user terminal. In the
alternative, the processor and the storage medium may reside
as discrete components in a user terminal

In this document, relational terms such as first and second,
and the like may be used solely to distinguish one entity or
action from another entity or action without necessarily
requiring or implying any actual such relationship or order
between such entities or actions. Numerical ordinals such as
“first,” “second,” “third,” etc. simply denote different singles
of a plurality and do not imply any order or sequence unless
specifically defined by the claim language. The sequence of
the text in any of the claims does not imply that process steps
must be performed in a temporal or logical order according to
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such sequence unless it is specifically defined by the language
of the claim. The process steps may be interchanged in any
order without departing from the scope of the invention as
long as such an interchange does not contradict the claim
language and is not logically nonsensical.

Furthermore, depending on the context, words such as
“connect” or “coupled to” used in describing a relationship
between different elements do not imply that a direct physical
connection must be made between these elements. For
example, two elements may be connected to each other physi-
cally, electronically, logically, or in any other manner,
through one or more additional elements.

While at least one exemplary embodiment has been pre-
sented in the foregoing detailed description of the invention,
it should be appreciated that a vast number of variations exist.
It should also be appreciated that the exemplary embodiment
or exemplary embodiments are only examples, and are not
intended to limit the scope, applicability, or configuration of
the invention in any way. Rather, the foregoing detailed
description will provide those skilled in the art with a conve-
nient road map for implementing an exemplary embodiment
of the invention. It being understood that various changes
may be made in the function and arrangement of elements
described in an exemplary embodiment without departing
from the scope of the invention as set forth in the appended
claims.

What is claimed is:
1. A vehicle, comprising:
at least one engine component;
a sensor coupled to the at least one engine component and
configured to monitor a vibration of the at least one
engine component; and
a processor communicatively coupled to the sensor, the
processor configured to:
determine a plurality of envelope spectrums based upon
vibration data from the sensor;

determine fault frequencies for each of the at least one
engine component based upon a rotating speed of
each of the at least one engine component; and

monitor each envelope spectrum for changes at the
determined fault frequencies,

wherein the processor is further configured to determine
the plurality of envelope spectrums based upon a
minimum resonant frequency of the vibration data, a
maximum resonant frequency of the vibration data, a
step size for variable resonant frequency, a minimum
bandwidth for an envelope window, a maximum
bandwidth for the envelope window, and a step size
for variable length of bandwidth.

2. The vehicle of claim 1, wherein the processor is further
configured to monitor each envelope spectrum for changes at
the determined fault frequencies by monitoring each fault
frequency in each envelope spectrum and comparing a cur-
rently monitored envelope spectrum with a baseline envelope
spectrum.

3. The vehicle of claim 2, wherein the processor is further
configured to compare the currently monitored envelope
spectrum with a previously monitored envelope spectrum.

4. The vehicle of claim 1, wherein the processor is further
configured to monitor each envelope spectrum for changes at
the determined fault frequencies by determining a predeter-
mined number of peaks in each currently monitored envelope
spectrum and, when one of the predetermined peaks corre-
sponds to one of the fault frequencies, comparing the corre-
sponding peak from the currently monitored envelope spec-
trum to a baseline envelope spectrum.
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5. The vehicle of claim 1, wherein the processor is further
configured to compare the corresponding peak from a cur-
rently monitored envelope spectrum to a previously moni-
tored envelope spectrum.

6. The vehicle of claim 1, wherein the at least one engine
component includes a bearing.

7. The vehicle of claim 1, wherein the processor is further
configured to monitor sideband frequencies corresponding to
the determined fault frequencies.

8. A method for monitoring health of'a vehicle, comprising:

receiving, by a processor, vibration data from a vibration

sensor coupled to at least one engine component of the
vehicle;
determining, by the processor, a plurality of envelope spec-
trums to be analyzed based upon a minimum resonant
frequency of the vibration data, a maximum resonant
frequency of the vibration data, a step size for variable
resonant frequency, a minimum bandwidth for an enve-
lope window, a maximum bandwidth for the envelope
window, and a step size for variable length of bandwidth;

determining, by the processor, a plurality of fault frequen-
cies based upon a rotational speed of the at least one
engine component of the vehicle; and

monitoring, by the processor, the plurality of fault frequen-

cies within each of the plurality of envelope spectrums.

9. The method of claim 8, wherein the monitoring further
comprises:

determining a predetermined number of peaks in each of

the plurality of envelope spectrums; and

tracking at least one of the predetermined peaks when the

at least one of the predetermined peeks corresponds to
one of the plurality of fault frequencies.

10. The method of claim 9, wherein the tracking further
comprises comparing the at least one of the predetermined
peaks to one of a baseline envelope spectrum.

11. The method of claim 9, wherein the tracking further
comprises comparing the at least one of the predetermined
peaks a previously monitored envelope spectrum.

12. The method of claim 8, wherein the monitoring further
comprises tracking, in each of the plurality of envelope spec-
trums, each of the plurality of fault frequencies within the
envelope spectrum.

13. The method of claim 12, wherein the tracking further
comprises comparing the at least one of the predetermined
peaks to one of a baseline envelope spectrum.

14. The method of claim 12, wherein the tracking further
comprises comparing the at least one of the predetermined
peaks a previously monitored envelope spectrum.

15. A non-transitory computer-readable medium which
when executed by a processor cause the processor to:

determine a plurality of envelope spectrums based upon a

minimum resonant frequency of the vibration data, a
maximum resonant frequency of the vibration data, a
step size for variable resonant frequency, a minimum
bandwidth for an envelope window, a maximum band-
width for the envelope window, and a step size for vari-
able length of bandwidth;

determine fault frequencies for at least one engine compo-

nent based upon a rotating speed of each of the at least
one engine component; and

monitor each envelope spectrum for changes at the deter-

mined fault frequencies.

16. The non-transitory computer-readable medium of
claim 15, which when executed by the processor further cause
the processor to monitor each envelope spectrum for changes
at the determined fault frequencies by monitoring each fault
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frequency in each envelope spectrum and comparing a cur-
rently monitored envelope spectrum with a baseline envelope
spectrum.

17. The non-transitory computer-readable medium of
claim 15, which when executed by the processor further cause
the processor to monitor each envelope spectrum for changes
at the determined fault frequencies by determining a prede-
termined number of peaks in each currently monitored enve-
lope spectrum and, when one of the predetermined peaks
corresponds to one of the fault frequencies, comparing the
corresponding peak from the currently monitored envelope
spectrum to a baseline envelope spectrum.

#* #* #* #* #*

10



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 19,292,975 B2 Page 1of1
APPLICATION NO. : 13/961549

DATED : March 22, 2016

INVENTOR(S) : Kyusung Kim et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

Column 8, line 32, “peeks” should be changed to --peaks--

Signed and Sealed this
Sixteenth Day of August, 2016

Dhecbatle K Zea

Michelle K. Lee
Director of the United States Patent and Trademark Office



